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During recent times, a lot of attention has been garnered by magnesium based alloys 
from the researchers. This is because these alloys are light weight, have high strength, 
are environment friendly and are cost effective. Research on the other hand has also 
been carried out extensively on thermoelectric devices which are capable of converting 
heat given off from different sources (i.e. temperature difference) into electricity and 
can also convert electrical energy into thermal energy. Thermoelectric converters have 
emerged to be a very sustainable energy solution in regard with the depleting 
conventional sources of energy. However, their low thermoelectric figure of merit (a 
measure of efficiency), denoted by ZT is a major challenge that needs to be overcome, 
and a lot of research is already in process regarding this aspect. The efficiency of 
thermoelectric converters along with other factors depends also on the substructure and 
microstructural measurements as this has a direct impact on the thermal conductivity of 
the thermoelectric alloy and therefore on ZT. This research seeks to understand the 
effect of deformation and heat treatment analysis on the microstructure of Mg-Sn alloys 
with different compositions. The ultimate aim is to be able to use deformation to 
manipulate the sub-structure of Mg2Sn based thermoelectrics. 
Firstly, the deformability and stability of extruded Mg-Sn alloys with three different 
compositions (30%Sn-70%Mg, 40%Sn-60%Mg and 50%Sn-50%Mg) has been 
investigated in detail in terms of microstructure, misorientation distributions and 
texture. It has been established in literature that doping semiconductor alloys with a 
suitable dopant increases the thermoelectric figure of merit of the alloy. Therefore, 
deformation studies on Mg(2+x)Sn alloys doped with silver is carried out and their effect 
on microstructure and other properties has been investigated. 
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From the primary investigations of the microstructures of the as extruded Mg-Sn alloys, 
following points have been observed: 
• At higher tin content, the phase fraction of Mg2Sn phase increases; significant 
development of substructure in Mg2Sn phase is evidenced by the manifestation of 
higher volume fraction of grains within misorientations 2-15°. 
• Enticed by the above observation further studies carried out with high tin 
concentration has proved that the development of substructure infested with low 
angle boundaries (misorientations 2-15°) is possible in Mg2Sn and silver doped 
Mg2Sn alloys. Prominent substructure could be noticed in Mg2Sn however due to 
experimental limitation we have not been able to trace the same in Mg phase 





The rising demand for electricity has brought the focus on the use of cleaner and 
sustainable energy sources, one of which is thermoelectric (TE) converters. The 
advantages of thermoelectric devices compared to other alternative technologies are 
many such as simple operation, high reliability and scalability, no moving parts, 
environmental friendliness. Several industrial processes and domestic appliances 
generate substantial amount of heat, which through the use of thermoelectric converters 
may be utilized properly to generate electricity [1, 2, 3]. 
These solid state devices can convert heat given off from different sources into electric 
power using the Seebeck effect and can also convert electrical energy into thermal 
energy for cooling or heating using the Peltier effect [1,2, 3]. The TE efficiency of a 
material is related to a term called the figure of merit (ZT). It is a dimensionless quantity 
given by the expression as below 
                                                                         ZT = S2σT/κ (1) 
where S (V/K) is the Seebeck coefficient, σ (Ω-1m-1) is the electrical conductivity, κ 
(W/m.K) is the thermal conductivity of TE material and T (K) is the absolute 
temperature. High electrical conductivity, low thermal conductivity, and a high 
Seebeck coefficient are desirable for attaining high performance by thermoelectric 
materials [4]. High value of ZT (ZT > 1) requires electrical conductivity and Seebeck 
coefficient to be high and thermal conductivity to be very low; but since the electronic 
part of thermal conductivity is directly proportional to electrical conductivity it 
becomes difficult to develop a perfect equation between the three parameters. 
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Therefore, the thermoelectric parameters need to be optimized properly to get high 
thermoelectric performance [12]. This concept is explained in detail in section 2.1.  
Thermoelectric materials have found a large range of applications for both power 
generation and cooling purposes. Thermoelectric devices are extensively employed in 
applications with low cooling demands such as PC-processors, portable food and 
beverage storages [4]. Owing to high costs and low energy efficiency, the application 
of thermoelectric devices has narrowed to sectors where energy cost is not the primary 
consideration such as applications in military, aerospace, industrial and scientific work 
[5, 6]. The solid solutions of Bi2Te3 and Sb2Te3 have been most extensively used for 
commercial purposes. Bi2Te3 alloys serve to be the best for both refrigeration and waste 
heat recovery applications near room temperature (up to 200°C). Both n- and p- type 
configurations of these alloys exhibit the highest figure of merit in this temperature 
range [19]. While Bi2Te3/ Sb2Te3 alloys are more prominent for refrigeration 
applications, systems based on PbTe and SiGe alloys have been in use for power 
generation applications in the mid and high temperature range respectively [7,8]. Waste 
heat generated from industrial processes and automotive can be tapped and used for 
power generation using the TEG (thermoelectric generator). The p-type 
(GeTe)0.85(AgSbTe2)0.15 has been well used in long life thermoelectric generators [19]. 
A power space vehicle is one of the most noteworthy applications of TEGs that have 
been in use for quite a time now. Radioisotope thermoelectric generators (RTGs) 
produce no noise and vibration and are highly reliable, robust and compact [3, 9]. 
Recently solar driven thermoelectric power generators have attracted considerable 
attention as a green source of energy since they can be favourably used in a 
cogeneration system providing electric power and useful heat simultaneously. They 
have been used for both low and high power applications effectively [10]. The low 
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power generation thermoelectric materials include portable applications such as 
wireless sensor networks, mobile devices, and even medical applications. A perfect 
example of the above kind is the thermoelectric wristwatch that converts heat of the 
body to electric power using thermoelectric process [11]. Space applications as well as 
the mechanism for waste heat recovery from industrial process require high power for 
operation [5].  
Currently, the most commercially used thermoelectric material is bismuth telluride. 
However, it is unsuitable to serve the purpose in the mid temperature range (500 K-900 
K) as the optimal temperature at which high values of ZT are achieved for Bi2Te3 is in 
the low temperature range (<400 K) [12, 13]. Several studies for improvement of 
thermoelectric figure of merit have been carried out in the past and the research is still 
increasing in terms of finding optimal parameters and conditions for achieving a 
desirable thermoelectric figure of merit that can be effectively used for commercial 
purposes. So far, the highest figure of merit of 2.2 has been achieved for p-type PbTe 
alloy [7]. In another study, it was found that a high ZT~1.7 was achieved in the n-type 
AgSbTe2/PbTe alloy [14]. However, these alloy compositions are not environment 
friendly and are generally expensive. Mg based thermoelectric materials, best suited in 
the temperature range of 400-800 K are of interest because they are cheap, abundant 
and non-toxic [15, 16]. Besides achieving ZT larger than 1 by means of adequate 
doping, they also possess good mechanical stability against adverse environmental 
conditions. Zaitev et. al [16] have reported that the Mg2X (X=Si, Sn) compounds 
behave promisingly in the above stated temperature range, as a result of well-combined 
transport properties and band structure. This study explores the substructure 
development in Mg2Sn during hot deformation and annealing. 
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2. Literature review 
2.1 Thermoelectric properties 
2.1.1 Electrical conductivity (σ) 
Electrical conductivity is an intrinsic property of a material that depends on its 
electronic structure. An ideal thermoelectric material has a high electrical conductivity. 
Metals have very good electrical conductivity (∼106 Ω-1cm-1) followed by 
semiconductors (∼103 Ω-1cm-1). Although metals have high electrical conductivity, 
their low Seebeck coefficient and high thermal conductivity prevent them for being 
used as thermoelectric materials. Insulators having a large band gap possess extremely 
low electrical conductivity. Therefore, the optimal thermoelectric performance will be 
achieved by materials that fall in between semiconductors and metals [17]. 
The following equation describes the electrical conductivity (σ) of thermoelectric 
materials: 
                                                                         σ = neµ (2) 
where n is the density of charge carriers, e is the charge of unit carrier and µ is the 
mobility of charge carriers [18]. 
As evident from the equation electrical conductivity is directly proportional to carrier 
concentration, thus it can be enhanced by increasing the density of the charge carriers 
via doping the material with an effective doping. Ideally, 1019 to 1021 cm-3 should be 
the range of the charge carrier density. In contrast to the advantages of doping, dopants 
might also adversely influence the mobility of the charge carriers on account of the 
increased scattering between carriers and dopants. If the effective mass of the charge 
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carrier is high, it will move with slower velocities resulting in low mobility, which will 
subsequently lead to reduced electrical conductivity. Therefore, for a good 
thermoelectric performance a balance should be found between the effective mass and 
the mobility of the charge carrier [19, 3].  
2.1.2 Seebeck coefficient 
Another intrinsic property dependent on the material’s electronic structure is the 
Seebeck coefficient, which is defined by the amount of voltage generated per unit 
temperature gradient. The Seebeck coefficient can be expressed by the following 
equation [20-22, 3]. 
                                                                         S = V/(Th–Tc) (3) 
where S is the Seebeck coefficient in (V/K) and V is the open circuit voltage in volts. 
Th and Tc are the temperatures of hot and cold sides, respectively. P-type 
semiconductors exhibit hole conduction and the Seebeck coefficient sign which is 
indicated by the voltage, is positive in this case. On the other hand, n-type 
semiconductors exhibit electron conduction and the sign of Seebeck coefficient is 
negative [3]. 
In order to achieve better thermoelectric performance, the Seebeck coefficient being 
squared in the numerator of ZT (Equation 1) needs to be optimized properly along with 
the electrical conductivity. Doping level and chemical composition of semiconductors 
determine the behaviour of the above stated two quantities. However, the contribution 
of minority charge carriers cannot be disregarded. For achieving a high thermopower 
in high temperature applications, the concentration of minority charge carriers needs to 
be reduced as at high temperature the majority charge carriers are opposed by the 
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excitation of the minority charge carriers in a semiconductor thereby resulting in a 
reduced thermopower. Typical thermopower values required for good TE performance 
are of the order of 150–250 μV/K or greater [20, 23]. Seebeck coefficient can also be 
increased with the help of external field effects [24] and also by using techniques that 
help in optimizing of band gap engineering so that density of states can be manipulated 
by doping. 
2.1.3 Thermal conductivity (κ) 
The thermal conductivity in thermoelectric materials is stated as the sum of lattice 
thermal conductivity (κl) and electronic thermal conductivity (κe) [21]. The ideal 
thermoelectric material will be the one with high electrical conductivity, high Seebeck 
coefficient and low thermal conductivity. In other words, it should have thermal 
properties of a glass and electrical properties of an optimal single crystal system. In a 
review by Nolas et al. [25], the phonon glass electron crystal (PGEC) concept 
introduced by Slack has been discussed in detail. The authors reported that one way of 
lowering the lattice thermal conductivity of the material is to substitute its crystal lattice 
with the amorphous structure (PGEC material) possessing good electronic and poor 
thermal properties. Accordingly, additional research is underway on Skutterudites, 
which have the potential to behave like a PGEC material and display many types of 
interesting properties [2, 3, 25]. 
According to the Wiedemann–Franz law: 
                                                                         κe = LσT (4) 
where κe is the electronic thermal conductivity, L is the Lorentz factor, σ is the electrical 
conductivity and T is the temperature. 
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In general, a material with high electrical conductivity will have a relatively high 
thermal conductivity too. Therefore, in this case it becomes a challenging task to 
achieve a high figure of merit for thermoelectric materials. Lorentz Factor is 
representative of the coupling between charge carriers and phonons in a given class of 
materials. Usually in semiconductors, the lattice part contributes majorly to the thermal 
conductivity, therefore in order to achieve high TE performance, lattice thermal 
conductivity needs to be reduced. One effective technique to reduce the lattice thermal 
conductivity is phonon scattering. It has been reported in the literature that the use of 
complex structure with heavy atomic weight, point defects, nanograin structures and 
layered microstructure enhances phonon scattering [16, 20, 26, 27]. While nanograin 
structure have been shown to minimize lattice thermal conductivity without much 
reduction in electrical conductivity, interfaces (e.g. grain boundaries) tend to reduce 
both the thermal conductivity and electrical conductivity [21, 28]. Thus, it is imperative 
to maintain an optimum balance between the electronic and thermal properties of the 
material for optimal thermoelectric performance [29].  
Figure 1 shows the interdependence of three main parameters of the thermoelectric 
figure of merit with change in carrier concentration [30]. It can be seen that the Seebeck 
coefficient and the electrical conductivity are inversely related to each other thereby 
resulting in a reduced value of power factor, which is why it is hard to achieve high 
values of ZT in a bulk material above a peak value. For high ZT, high electrical 
conductivity and low thermal conductivity is required but as mentioned above, a 
material with an ability to conduct electricity well will also conduct heat, hence making 
it difficult to further optimize ZT. The region to the left corresponds to the insulators 
and the right one to the metals, the middle one being the semiconductors. The highest 
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values of ZT are achieved for semiconductors as optimized values of power factor and 
low values of thermal conductivity have been observed [2]. 
 
Figure 1. Maximizing the efficiency (ZT) of a thermoelectric involves a compromise 
of thermal conductivity (κ; plotted on the y axis from 0 to a 10 W m-1 K-1) and Seebeck 
coefficient (S; 0 to 500 μV K-1) with electrical conductivity (σ; 0 to 5000 Ω-1cm-1) [19]. 
2.2 Magnesium based thermoelectric materials 
A great deal of attention is being shown to the techniques by which electric power can 
be generated in a sustainable manner. Thus, the use of naturally abundant non-toxic 
elements for thermoelectric materials is attractive. These must not only be capable of 
providing higher ZT values but must also be environmentally friendly. Magnesium 
based thermoelectrics i.e. Mg2X (X=Si, Sn, Ge) and their solid solutions prove to be 
the best promising class of thermoelectric materials for the above stated cause in the 
intermediate temperature range [31, 3]. The two most potential Mg based 
thermoelectric materials i.e. Mg2(Si-Sn) and Mg2Sn are discussed in detail below. 
11 
 
2.2.1 Mg2(Si-Sn) TE material 
Mg2Si1-xSnx, among other Mg2X systems is capable of obtaining higher ZT values as it 
has the lowest lattice thermal conductivity owing to the substantial difference in atomic 
mass between Si and Sn. The ZT values can be further improved with sufficient amount 
of doping [32, 33]. For n type Mg2Si1-xSnx solid solutions, bismuth (Bi) and antimony 
(Sb) along with aluminium (Al) are considered the most commonly used dopants that 
help in enhancing ZT, while copper (Cu) and silver (Ag) serve to be the p type dopants. 
The ZT values of n type Mg2X compounds are notably higher than that of the p type 
compounds because the electron mobility is much higher than the hole mobility. Mg2Sn 
having the highest hole to electron mobility ratio is the most suitable for p type doping 
thereby making Mg2(Si-Sn) solid solution a promising choice for the thermoelectric 
materials [3, 31], [34-36]. However, a major downside of Mg2(Si-Sn) thermoelectrics 
is that it is difficult to experimentally optimize them as the high vapour pressure of Mg 
poses challenges for controlled synthesis [37]. 
The most commonly used configuration of Mg2Si1-xSnx solid solution is at x= 0.4 and 
x=0.6. Zaitsev et al. [38] found an average ZT value of 0.78 for Mg2Si0.6Sn0.4 and 0.83 
for Mg2Si0.4Sn0.6 for the temperature range of 400-850 K. The Sn rich solid solution 
exhibits higher average figure of merit as the thermal conductivity of the material has 
a low value due to additional phonon scattering which results from the increased 
effective mass of the electrons. The Si rich solid solution is more stable and accurate 
for high temperature applications due to the lower density and strong resistance against 
oxidation and vaporization [3, 38-40]. Fig. 2 below draws an explicit comparison of ZT 
values in conventional bulk materials and nanostructured composite materials [30]. It 
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can be seen that Mg2(Si-Sn) based materials show favourable thermoelectric behaviour 
with high ZT values. 
 
Figure 2. Comparison of ZT in conventional bulk materials and nanostructured 
composite materials [30]. 
2.2.2 Mg2Sn TE material 
A principal class of the Mg2X intermetallic system is Mg2Sn, which crystallizes in the 
cubic fluorite (CaF2) structure in space group Fm3m. The crystal structure of 
magnesium stannide can be understood as a cube where each tin atom is surrounded by 
eight magnesium atoms at the corners and each magnesium atom is surrounded by four 
tin atoms at tetrahedron corners [41-43]. The density of Mg2Sn is 3.59 gcm
-3 and its 
melting point is 1051 K (778˚C) with a lattice parameter of 6.675 Ǻ [15]. The binary 
phase diagram of the Mg-Sn system is given in fig. 3 below [44]. It has been reported 
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that the solid solubility of Mg in Sn is very small but narrow solid solubility is observed 
for Mg and Sn in the Mg2Sn phase at high temperature [44, 3]. 
 
Figure 3. Phase diagram of Mg-Sn system [44]. 
2.3 Techniques for improving Mg2(Si-Sn) and Mg2Sn thermoelectric 
materials 
In recent years a lot of research has been performed on a variety of modified ways for 
improving the figure of merit of Mg based thermoelectric materials. An enhanced 
performance of these materials would increase their scope in commercial applications 
such that they are able to compete with their conventional power generation 
counterparts easily. In the section beneath some core strategies for developing relatively 
high ZT thermoelectrics are discussed [3]. 
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2.3.1 Doping methods 
Doping of semiconductors facilitates enhancing the electrical properties of the system 
without modifying the thermal properties [45]. This segment reviews the refinement of 
thermoelectric performance of Mg2(Si-Sn) and Mg2Sn materials by means of doping. 
a) Mg2(Si-Sn) 
Zaitsev et al. [38] reported highly reliable results with ZTmax ~ 1.2 with the n type solid 
solutions. However, in the case of p type doping a value of only ZTmax ~ 0.5 was 
attained. They concluded that Mg2Si0.3Sn0.7 solid solution possessed the best combined 
thermoelectric properties. Khan et al. [46] synthesized a Bi and Sb doped quaternary 
Mg2(Si, Ge, Sn) system having a composition of Mg2Si0.55Sn0.4Ge0.05 at temperatures 
up to 973 K. They reported a ZT of 1.4, the highest value achieved yet in Mg2(Si-Sn) 
based systems with Bi doping (xBi = 0.02). It was further revealed that Bi turned out to 
be a more efficient dopant than Sb in terms of ZT. Zhengliang Du [47] investigated n 
type Mg2Si0.58Sn0.42-xBix with Bi concentration ranging from 0 to 0.015. The relatively 
low excess of magnesium addition supported for efficient control of the material 
composition in their case. Electrical conductivity was effectively increased by Bi 
doping and ZTmax found out to be about 0.65 at 700 K for x=0.015. Another study by 
Wei Liu [48] demonstrated that Bi doped Mg2Si0.4Sn0.6 solid solution could exhibit 
outstanding results in terms of power factor and thermal conductivity. A marginally 
high power factor was achieved in comparison to Sb doped solutions. However, the 
highest ZT ~ 1.4 was achieved when y=0.03 at 800 K. The lattice thermal conductivity 
of the above material was also reduced with Bi doping [3]. 
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Experimenting with Sb as an n type dopant, Sin-Wook You [32] found that the Seebeck 
coefficient and the electrical conductivity of Mg2Si0.7Sn0.3 compound were increased 
with Sb doping and excess Mg. Additionally, thermal conductivity was also found to 
diminish. A ZTmax of 0.64 was attained at 723 K for Mg2.2Si0.7Sn0.3Sb0.01. Zhang et al. 
[49] also investigated the thermoelectric behaviour of Sn rich Mg2(Si-Sn) compound 
with Sb doping and resulted in a ZTmax value of 1 at 640 K. Mg2(Si0.3Sn0.7)1-ySby (0 ≤ y 
≤ 0.04) solid solutions were prepared by a two-step solid state reaction combined with 
spark plasma sintering and different results were obtained at different values of y. The 
highest power factor value was achieved at y=0.025 in the temperature range of 330-
600 K. In addition, Sb doping resulted into significantly reduced values of the lattice 
thermal conductivity on account of increased point defect scattering. Isoda et al. [50] 
investigated the thermoelectric performance of the p-type Mg2Si0.25Sn0.75 compound 
with Li and Ag double doping at different temperatures ranging from 0 to 500 K. The 
results indicated that the carrier concentration was increased by double doping which 
led to achieving higher figure of merit and enhanced thermoelectric properties. Jun-ichi 
Tani [33] fabricated Al doped Mg2Si1-xSnx (x≤0.01) and studied the transport and 
thermoelectric properties in the temperature range of 300-900 K. Al doped 
Mg2Si0.9Sn0.1 attained a ZTmax of 0.68 at 864 K which came out to be much higher than 
that of the undoped sample of the same. It is to be noted that all the aforementioned 
results have proven that the thermoelectric properties of the material largely depend on 
the type and amount of dopant. However, it is evident that the n-type dopants are 
capable of achieving higher figure of merit than their p-type counterparts. Therefore, 
with the adequate amount of doping, a relatively superior thermoelectric performance 




Though a lot of research for both n-type and p-type characteristics of Mg2(Si-Sn) has 
been reported, very little research has been conducted on Mg2Sn compound. Since the 
hole to electron mobility of Mg2Sn thermoelectric material ratio is the highest, research 
on its p-type doped system will augment its probability for superior performance in the 
field of thermoelectrics. According to Tae-Ho An et. al [51], a much higher p-type 
power factor value was reported for the Ag doped Sn excess configuration of the Mg2Sn 
system among all its other compositions. The Seebeck coefficient values were positive 
throughout the measured temperature range as well as the electronic conductivity values 
were much higher than that of the undoped specimen. H.Y. Chen et al. [52] in their 
work presented n- and p-type doped Mg2Sn compounds with modified Bridgman 
method. Both Bi (n type) and Ag (p type) doped Mg2Sn compounds achieved higher 
power factors in comparison to the undoped material resulting in an overall better 
thermoelectric performance. Sunphil Kim [53] too observed higher power factor value 
for the Ag doped Mg2Sn system. They further concluded that the behaviour of Mg2Sn 
depends on the site it occupies i.e. a resonant level is likely to be formed when Ag is 
substituted for Sn and on the other hand a rigid band like behaviour is noted if it 
substitutes for Mg. Almost all studies incorporate Ag as the p-type dopant for the 
Mg2Sn thermoelectric materials.  Soon-Mok Choi et al. [43] studied the effect of other 
p-type dopants like Ni, Cu, Zn and In on the Mg2Sn system. It was observed that the 
carrier concentration of the other p-type dopants was far less than that for Ag doped 
system. As a result, the highest electrical conductivity and subsequently the highest 
power factor (the product of the square of the Seebeck coefficient and electrical 
conductivity) was realized for Ag doped Mg2Sn system. Figure 4 below shows the 
power factor values varying with the temperature range for different p-type dopants 
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[43]. It has been shown that Ag serves to be the best p-type dopant among all and 
therefore effective methodologies ought to be worked upon for further improvement of 
Ag doped Mg2Sn thermoelectric materials [3]. 
 
Figure 4. Temperature dependence of the power factor of an undoped Mg2Sn (67:33) 
sample and doped Mg2Sn (67:33) samples with addition of various foreign atoms [43]. 
2.3.2 Synthesis routes for TE materials  
For desirable performance of thermoelectric materials, it is important that an 
appropriate synthesis technique be used. There exist several methods by which Mg 
based compounds can be synthesized, such as mechanical alloying [54], rapid 
solidification, solid state reaction [55], hot pressing [56], spark plasma sintering (SPS) 
[57] and microwave irradiation [58].  
In general, mechanical alloying or solid state reaction (a conventional synthesis 
technique which involves preparation of an alloy by heating two or more solids using 
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diffusion process) are preferred over other techniques for synthesis of Mg2Si 
thermoelectric material; this is because the processes are simple and can be controlled 
at ease [59]. Synthesis of magnesium silicide is very difficult as both magnesium and 
silicon are highly reactive elements and the boiling point of Mg (1380 K) is close to the 
melting point of Mg2Si (1358 K), thus further complicating the process. Mechanical 
alloying or ball milling though preferred for industrial applications, ceases to be an 
effective technique as it is time consuming with a possibility of severe agglomeration 
and contamination of sample during the milling process [3, 59, 60]. 
Hot pressing of powders has been employed to produce crack free specimens with good 
homogeneity [61]. This method helps in improving mechanical and thermoelectric 
properties of materials and also simplifies production engineering of thermoelements 
as the material processed shows improved hardness and creep resistance along with 
good ductility. It has been shown that the electrical conductivity is also enhanced due 
to fine grain sizes obtained from the hot pressing technique [62, 63]. Gao et al. [64] 
studied the thermoelectric properties of Sb doped Mg2 (Si-Sn) thermoelectric materials 
fabricated using three different processes: induction melting, solid state reaction and 
hot press sintering technique. The solid solutions of Mg2(Si-Sn) was obtained by first 
melting binary Mg2Sn and Mg2Si separately followed by solid state reaction. The high 
vapour pressure of magnesium and large difference in melting points among the 
components of Mg2(Si-Sn) makes fabrication a tough task. For preparation of 
polycrystalline solutions, it is required that the solids react together properly. However, 
it is not possible under room temperature conditions and so, the solids are heated to 
much higher temperatures for the reaction to occur. This process id termed as the solid 
solution reaction. The binary Mg2Sn and Mg2Si after solid state reaction were further 
hot pressed to obtain a homogenous solid solution.   
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Spark Plasma Sintering (SPS) is a particle densification technique that is used for 
consolidation of powder using a high-pulsed DC current under low atmospheric 
pressure [65, 66]. Nanosized particles are very difficult to produce. In this respect, SPS 
densification seems to be the most convenient technique as it is can attain high heating 
rates and the process can be completed in a very short time [57]. Particle coarsening is 
a standard problem in all the densification routes but in SPS it can possibly be avoided 
because the high speed of the process densifies powder with nanostructure. Densities 
very close to theoretical densities and excellent thermoelectric performances have been 
achieved in samples treated with SPS process. The above stated advantages and 
examples have remarkably augmented the use of SPS technique over the other 
compaction methods [3, 28]. 
High quality, single phase Mg2X crystals can be prepared by the Bridgman method but 
the processing requires several days, which precludes its wide usage. Another technique 
that has been largely used in the semiconductor industry for crystal growth and now has 
also been considered for Mg2X compounds and their solid solutions is the RF induction 
melting. Its main advantage is that it completed the task in 5 hours as compared to 
Bridgman method, which took 100 hours for the same process [67]. H. Y. Chen et al. 
[68] prepared Mg2Sn crystals by RF induction melting process.  Their results show that 
high quality Mg2Sn ingots were prepared with electronic transport properties 
comparable to that of the Bridgman crystals. The eutectic phases and precipitates were 
uniformly dispersed in the effectively mixed constituent elements [3]. 
2.3.3 Nanostructured grain sizes 
Thermoelectric performance of materials can be enhanced appreciably by the use of 
nanostructures [28]. The main objective for improving the performance of the materials 
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by nanostructuring technique is to reduce the lattice thermal conductivity more than the 
electrical conductivity in order to further increase ZT.  
The thermal conductivity of bulk thermoelectric materials can be reduced by cutting 
down the grain size, as it increases the interface intensity that raises phonon scattering. 
It was established that not only the grain size, but also the grain shape factor and 
structural morphology result in significant change of the phonon thermal conductivity 
especially for very small grain sizes [69, 70]. The power factor of the thermoelectric 
material constituting nanostructures may also be increased by a mechanism named 
energy filtering. In this concept, the low kinetic energy carriers are stopped by the 
energy barrier at the nanoprecipitate phase boundaries while allowing the high energy 
electrons to pass through them [3,71].  
2.4 Effect of deformation on thermoelectric and mechanical properties 
There are many studies associated with the improvement of thermoelectric properties 
of Mg based thermoelectric materials, however limited effort in study of deformation 
of TE materials is recorded in literature. The microstructure of a material during 
deformation is changed in several ways; affecting the grain size, cell sub-grain size and 
dislocation density [72]. For a steady state deformation, the average dislocation cell 
size (d) can be estimated using the following: 
                                                                         d = K/√ρ (5) 
where K is the constant of proportionality, ρ is the dislocation density [73]. The 
relationship between flow stress and dislocation density. 
                                                                         σ ∝ Gb√ρ (6) 
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where G is the shear modulus, b is the burgers vector and σ is the steady state hot 
deformation stress [68]. 
Following deformation, reductions in dislocation density and increase in grain size can 
be achieved by annealing [73-76].  
Thermoelectric properties of a material vary with the carrier concentration, grain size 
and grain orientation (texture). These properties can be controlled and changed by 
deformation. Small grain sizes reduce the thermal conductivity of a thermoelectric 
material thereby resulting in higher ZT values. This happens because of the increased 
phonon scattering which results from introduction of large density of interfaces (grain 
boundaries) [77, 78, 79]. Rowe et al. [80] showed that the lattice thermal conductivity 
of the hot pressed phosphorus doped Si63.5Ge36.5 alloy decreased with a reduction in 
grain size. It was observed that the lattice thermal conductivity of Si-Ge alloy with grain 
size less than 5µm was 28% less as compared to the single crystal. 
Hot deformation process is capable of delivering improved electrical properties too. 
Texture of a material can be altered by heavy plastic deformation which in turn can 
alter the electrical conductivity [81]. Hu et al. [81] reported a ZT value of 0.95 for the 
hot deformed Bi2Te2Se1 which was almost 80% more than that obtained for the hot 
pressed sample (ZT=0.52). The presence of the in-situ nanostructures and high-density 
lattice defects resulted in low thermal conductivity. The hot deformed samples showed 
strengthened structure and the increase in carrier concentration obtained through the 
donor like effect was caused by plastic deformation that helped in improving the 
electrical conductivity of the material. 
22 
 
Lee et al. [77] investigated the effects of annealing on the deformed n-type 90Bi2Te3-
5Sb2Te3-5Sb2Se3 thermoelectric material. The samples were extruded at two different 
ratios of 2:1 and 10:1 at 400˚C. It was observed that an increased ZT value of 1.63x10-
3 K-1 was achieved for the 10:1 extruded alloy, annealed at 400˚C for 9 hours as 
compared to the unannealed sample (1.23x10-3 K-1). This resulted from the low lattice 
thermal conductivity achieved through hot extrusion and increased Seebeck coefficient 
obtained by subsequent annealing.  
Deformation also has a high impact on the mechanical properties of a material.  Xu et 
al. [82] studied the optimized thermoelectric and mechanical properties of Bi2Te3 based 
alloy by hot deformation. Their results show that the hot deformed Bi0.4Sb1.6Te3 
improved the overall thermoelectric figure of merit to 1.36 at 400 K as the 
nanostructures and high-density lattice defects introduced by the hot deformation 
process reduced the lattice thermal conductivity. It was also observed that the 
mechanical properties of the alloy improved with hot deformation. Figure 5 shows 
Vickers hardness profile of Bi2-xSbxTe3 samples before and after hot deformation [82]. 




Figure 5. Vickers Hardness as a function of Sb content of the Bi2-xSbxTe3 samples [82]. 
During deformation, the metals and their alloys are work hardened or strengthened by 
application of strain. This phenomenon is resisted with a counter mechanism known as 
recovery. In materials in which recovery process is not prompt, the dislocation density 
differences lead to initiation of recrystallization process. The above stated two are the 
main softening mechanisms, which have an extreme effect on the hot deformation of 
materials. In case of magnesium alloys, dynamic recrystallization plays a dominant role 
during hot deformation. Both these processes are explained in the next section [83, 84]. 
To understand the changes in microstructure due to hot deformation occurring at high 
temperatures and strain levels, Ion et al. [85] conducted a study that investigated the 
effect of elevated temperatures on the microstructure and texture of Mg-0.8Al 
polycrystalline material. For deformed specimens, uniaxial compression in temperature 
range 423K- 643K and strain rates of between 10-6s-1 and 10-1s-1 was carried out. It was 
observed that during the initial stages of deformation, twinning and dynamic 
recrystallization occurred at temperature above ~ 425K. Magnesium having a high 
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stacking fault energy is expected to soften by dynamic recovery rather than dynamic 
recrystallization. In this work, it has been shown that DRX plays an important role 
during the high temperature deformation of Mg as its presence is credited by the lack 
of easily activated slip systems rather than the stacking fault energy of Mg. In another 
hot working study by Beer and Barnett [86], AZ31 Mg alloy was used in both wrought 
and as cast form for the examination of evolution of microstructure during hot 
deformation. It was found that the rate of percentage DRX increase is lower for the as 
cast material as compared to the wrought one. The dynamically recrystallized grain size 
in the as cast material came out to be larger than in the wrought material which might 
be due to inhomogeneous deformation and twin related DRX. Ebrahimi et al. [87] 
studied the effect of hot compression on the flow stress behaviour and microstructure 
evolution of AZ91 Mg alloy at different levels of strains. With increase in strain, flow 
stress increases up to maximum value and starts decreasing after reaching a steady state. 
This softening behaviour is due to dynamic recrystallization. By examining the 
microstructure evolution, it can be seen that with increase in deformation temperature, 
the size of the recrystallized grains and a decrease in their volume fraction is observed. 
Whereas the grain size reduces and the volume fraction of dynamic recrystallization 
increases with increases in the strain values. 
Thus, to obtain high ZT values in thermoelectric materials, the lattice thermal 
conductivity should be significantly reduced which is possible by the hot deformation 
or extrusion process. It introduces in situ nanostructures and defects and refines the 
grain structure notably. Enhanced texture and carrier concentration can also be realized 
by repetitive hot deformations thus resulting into a stronger and more efficient 
thermoelectric material [88-90].  
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2.5 Development of grain, sub-grain and dislocation structures during 
processing 
As mentioned before, a blend of good thermoelectric and mechanical properties is 
essential for widespread applications of thermoelectric materials. In order to improve 
the structural and physical properties of metals, heat treatment is an important process 
that enhances the performance of the material and results in its better mechanical 
reliability. One of the different heat treatment techniques is annealing, which is done to 
obtain refined grain structures in metals and alloys. It relieves internal stresses inside 
metals and helps in increasing their thermal stability [91-93]. For Mg based alloys, the 
carrier concentration and the carrier mobility are very much influenced if the annealing 
is carried out at high temperatures. For Mg2Si1-xSnx alloy, the carrier concentration 
decreases if annealing is carried out at high temperature as it leads to loss of magnesium, 
which would induce many Mg vacancies thereby opposing the effect of dopant. Higher 
temperatures lead to structural changes in a material due to which carrier mobility 
decreases resulting in low electrical conductivity [94]. Therefore, for these alloys, the 
operational temperature range of annealing should be designed correctly. 
Development of grain size, a microstructural phenomenon is largely dependent on 
deformation processing. It results in modification of microstructure, increased 
dislocation density and introduces interfaces in the material increasing the free energy 
of the system. The process of annealing is then used to remove the defects in the system 
bringing about a lower energy configuration. Recovery is the first stage of annealing 
followed by recrystallization and grain growth. During recovery, the system reaches a 
metastable state as the properties are only partially restored unlike in recrystallization 
where the microstructure becomes dislocation free and complete restoration of 
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properties takes place. This happens because of the formation of new dislocation free 
grains in the structure. During deformation, alloys can undergo a phenomenon called 
dynamic recrystallization that usually occurs at elevated temperatures. It refines the 
microstructure, improves hot plasticity and reduces the deformation resistance [68]. 
Further annealing is done so that the grain boundaries can be arranged in a lower energy 
configuration. This process includes grain growth where larger grains grow eliminating 
the smaller ones. A more thermodynamically stable structure can be attained after grain 
growth [72, 95-97]. 
In the hot working of metals, grain size control can be achieved by the process of 
dynamic recrystallization. The steady state grain size during dynamic recrystallization 
is strongly dependant on the deformation stress (σ) and their relation is expressed as: 
                                                                         σ = KD-m (7) 
where D is the mean grain size, K is a constant and m is less than 1 [98]. The 




Figure 6. Relation between deformation stress normalised by shear modulus and Burger 
vectors normalised mean grain size during steady state dynamic recrystallization [98]. 
Sitdikov and Kaibyshev [99] studied change in microstructural behaviour with respect 
to a temperature range for Mg during plastic deformation. They showed that the fraction 
of material that had undergone dynamic recrystallization increases with strain and 
temperature. Therefore, while low temperatures lead to higher flow stresses and finer 
grains, only small fractions of the structure display dynamic recrystallization. Using 
this mechanism for grain refinement requires good understanding of the mechanism 
kinetics.  Figure 7 shows the dependence of strain on the volume fraction of the 




Figure 7. Strain dependence of the volume fraction of recrystallized grains (Vrec) at 
different temperatures [99]. 
Lee et al. [92] studied the p-type 20%Bi2Te3-80%Sb2Te3 bulk thermoelectric materials 
prepared by two different techniques. The microstructure and the thermoelectric 
properties were investigated at different annealing times for both mechanically 
deformed and mechanically alloyed samples. Figure 8 [92] gives information on the 
mechanically deformed 20%Bi2Te3-80%Sb2Te3 alloys annealed at 380˚C for different 
times. It can be seen from the figure that with increasing annealing time the grain size 
increased as would be expected. Higher Seebeck coefficient and electrical resistivity 
values were observed for the mechanically alloyed samples than those prepared by 
mechanical deformation. This mostly is possible due to occurrence of oxidation during 
mechanical alloying. Not much of a difference was observed in the maximum figure of 
merit of samples prepared by mechanical alloying and mechanical deformation and 
annealed samples at 350˚C. 3.00 x 10-3/K was observed for the mechanically alloyed 
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sample and 2.85 x 10-3/K was the figure of merit value for the mechanically deformed 
sample. 
 
Figure 8. EBSD images of mechanically deformed 20%Bi2Te3–80%Sb2Te3 alloys 
annealed at 380˚C under different conditions [92]. 
2.6 Gaps and opportunities 
A large amount of interest has been developed in recent years about the thermoelectric 
performance of magnesium based TE materials. However, limited effort in study of 
mechanical properties and substructure and is recorded in the literature. It is known that 
reducing the grain sizes via deformation enhances the figure of merit of the 
thermoelectric materials. However, the effect of deformation on Mg2Sn based alloys is 
not yet clear. In addition, for high temperature applications, it is important to achieve a 
stable microstructure for longevity of the TE performance. This effect is not yet 
explored in the case of Mg2Sn TE materials. Therefore, the main aim of the current 
study is to study the evolution of substructure in Mg2Sn TE material. This is done by 
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systematically investigating the extrudability of the Mg-Sn alloy with varying Sn 
concentrations. The thermal stability of the extruded microstructure is investigated 
during annealing at elevated temperatures.   
 A brief summary of gaps and opportunities in literature is presented below: 
• It is well known that the substructure (Grain refinement) of a thermoelectric 
material plays a role in enhancing TE figure of merit. However, investigation into 
substructure studies of magnesium based thermoelectric alloys is lacking. For that 
reason, a preliminary investigation of the nature of substructure in Mg2Sn is done 
as a part of the present study. 
• Deformation brings a significant amount of change in the microstructure of a TE 
material leading to an impact on TE properties as well; as it has a direct effect on 
thermal conductivity. Studies regarding deformation and change in TE efficiency 
(ZT) of Bi2Te3 based thermoelectric materials have often been reported but not 
much has been done for Mg2Sn alloy. There is a gap in understanding deformation 
of Mg2Sn; its limits and how it affects the structure. The same gap is there with 
annealing of Mg2Sn.  
• Structural stability at high temperatures is very important. There is a misfit in 
understanding the role of structural stability at high temperatures and how it can be 
used in reducing thermal conductivity and delaying the recovery process for 
prolonged deformed conditions for high value of ZT of Mg2Sn thermoelectric 
materials. 
• As mentioned in the point above, thermal conductivity of a material changes with 
deformation and heat treatment techniques. There is a gap in understanding on how 
the substructure affects the thermoelectric properties of Mg2Sn alloy. As far as the 
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scope of this research is concerned, the effect of deformation and dopant additions 
on thermal conductivity would not be addressed in detail but this point would be 
studied in future research work. 
3. Research question and plan  
3.1 Research question 
• What is the influence of deformation on the microstructure of Mg2Sn based 
thermoelectric material? 
3.2 Thesis outline 
This thesis is divided into two experimental chapters, the results and discussions of 
which are presented in chapter 5 and 6. The techniques and methodologies adopted for 
the experiments are detailed in chapter 4. Finally, the conclusions and future work are 
presented in chapter 8 and 9 respectively. 
Chapter 5 studies the deformability and stability of Mg-Sn alloys. The deformation of 
Mg-Sn alloys with varying tin concentrations (30%Sn-70%Mg, 40%Sn-60%Mg and 
50%Sn-50%Mg) is systematically studied by extrusion and the effect of deformation 
on microstructure in both Mg and Mg2Sn phase is investigated in detail in terms of 
substructure, misorientation distributions and texture. These are studied using EBSD 
(Electron backscatter diffraction). Change in mechanical properties (hardness values) 
are measured for as extruded and heat treated Mg-Sn alloys.  Substructure was observed 
in the Mg2Sn phase of Mg-Sn alloy with high tin concentration which could be useful 
for decreasing thermal conductivity. This led to increasing the tin concentration in the 
Mg-Sn alloys and so the study conducted in the next chapter would be carried out on 
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the Mg(2+x)Sn (x= 0) and Ag doped Mg(2+x)Sn (x=1) alloys casted by the radio frequency 
(RF) induction method [107].  
It has been established by Varma’s [107] work that silver has an advantage of achieving 
good Seebeck coefficient and also increases deformability. In chapter 6, deformation 
and recrystallization studies would be done on Mg(2+x)Sn (x= 0) and Mg(2+x)Sn-Ag 
alloys (x=1). The deformation is carried out using a dilatometer and the stability of 
these deformed microstructures at elevated temperatures is studied.  
4. Materials and Methodologies 
This section briefly reviews the experimental methodologies used in the processing and 
characterisation of the Mg-Sn alloys. In this study, Mg-Sn alloys were produced with 
varying concentrations of tin and also pure Mg based Mg2Sn and Ag doped alloys were 
cast using RF induction melting process and these ingots were supplied from CSIRO 
[107]. The alloys were then processed by extrusion. Firstly, the compositions of the 
alloys under investigation were reviewed in section 4.1. This is followed by a brief 
explanation of the experimental conditions for extrusion in section 4.2. The sample 
preparation procedures for metallography is given in section 4.3. Finally, the 
characterisation facilities used in the characterisation of extruded alloys were discussed 
in section 4.4. 
4.1 Composition 
In chapter 5, the deformation and recrystallization studies were carried out on three 
different compositions of Mg-Sn alloys with varying tin concentration. The alloys were 
successfully extruded. The nominal compositions of the extruded Mg-Sn alloys are 




Nominal concentration (Wt. 
%) 
Mg Sn 
1 30-70 70 30 
2 40-60 60 40 
3 50-50 50 50 
Table 1. Composition of Mg-Sn alloy. 
Chapter 6 includes deformation studies to be carried out on two magnesium stannide 
ingots (high tin content). The alloys were provided by CSIRO and they were cast using 
the RF induction melting process [107]. The alloys were then successfully extruded at 
400°C. The nominal compositions of Mg2Sn based pure and Ag doped material systems 
are shown in Table 2.  
Mg-Sn alloys Weight% 
 X Mg Sn Ag 
Mg(2+x)Sn 0 29.06 70.94 - 
Mg(2+x)Sn-Ag 1 37.95 61.77 0.28 
Table 2. Composition of Mg(2+x)Sn alloys. 
4.2 Sample processing - extrusion 
A laboratory extrusion rig was used to produce extruded Mg-Sn alloys [100]. The 
extrusion was carried out at temperature of 500˚C and with ram speed of 0.1mm/s ram 
speed. Cast billets of 30 mm in diameter were extruded in to 10mm. The samples were 
extruded to an extrusion ratio of 9. While the different composition Mg-Sn alloys were 
extruded at 500°C, the Mg(2+x)Sn {x=0} and Mg(2+x)Sn-Ag {x=1} alloys were extruded 
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at 400°C with a ram speed of 0.3mm/s. Cast billets of 30mm in diameter were extruded 
in to 15mm. 
4.3 Sample preparation for metallography 
For EBSD investigations, small sections of the extruded samples were cut using Struers 
Accutom cutting machine. They were then ground on 1200 grit abrasive papers 
followed by polishing through 6 and 3 µm diamond suspension. The samples were 
finally polished using colloidal silica solution.  
For inspection of sample microstructure using optical microscopy, the samples were 
etched using acetic picral solution (Ethanol=50ml, Picric acid= 3 grams, acetic acid= 
1.5ml, water= 5ml) in addition to the polishing steps described above. Olympus DP 70 
optical microscope was used for optical imaging. 
4.4 Characterization 
4.4.1 Electron backscatter diffraction  
EBSD analysis is carried out to extract quantitative microstructural information about 
the sample e.g. phase identity, grain size, substructure evolution and texture [101]. It is 
a scanning electron microscope (SEM) based technique in which a crystalline sample 
tilted to 70° from horizontal interacts with a stationary electron beam. The pattern 
formed by the diffracted electrons is then detected with a fluorescent screen from which 
the crystallographic orientation can be determined. Repeated measurements over a 
raster enables a map to be produced from which information about grain morphology, 
orientations and boundaries and texture of a material can be obtained [102].  
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For substructure assessment, electron back scatter diffraction (EBSD) was done using 
SEM Zeiss Leo 1530 and Bruker Nova Nanosem 450. The collected data are then 
further quantified and analysed using Project Manager software module. For estimating 
chemical composition of different phases, scanning electron microscopy with EDX was 
also done using Zeiss Supra 55VP field emission SEM.    
The grain size determination was performed using mean lineal intercept method using 
hkl software. The grain boundary cut off angles were decided based on low and high 
angle grain boundaries. Information about average number of grains analysed can also 
be found using the software. Misorientations greater than 15° were considered as high 
angle grain boundaries. The misorientation distributions were plotted for Mg and 
Mg2Sn phases for all three samples (both normal to and along extrusion direction). The 
software allows to export the misorientation histograms and its text files from which 
the plots can be made.  
Texture analysis was done using inverse pole figures in EBSD. An inverse pole figure 
shows the distribution of crystallographic directions parallel to certain sample 
directions. Samples perpendicular to extrusion direction (ED out of the page) were 
analysed by the IPFs along z direction and the along ED (ED vertical) samples were 
analysed by the IPFs along y direction. The texture strengths around a particular 
orientation give information about the sample with highly developed textures or a 
preferred orientation.   
4.4.2 Differential scanning calorimetry  
DSC, a thermoanalytical technique was done on the three different composition 
samples of Mg-Sn alloy for determination of suitable annealing temperature range. In 
36 
 
DSC apparatus, the temperature and heat flow are measured as a function of time and 
temperature. As the temperature changes, the heat quantity measured is either emitted 
or absorbed by the sample, which happens due to the temperature difference between 
the sample and the reference material [103]. Extrusion process leads to the release of 
stored energy, which takes place due to the recovery and recrystallization process that 
can be useful in determining the required annealing temperature range using DSC. The 
instrument used was TA Q200 DSC. After the results, the alloys were heat treated at 
two temperature values i.e. 350˚C and 400˚C. 
4.4.3 Hardness measurement 
Vickers micro hardness measurements were performed using Dura Scan 20, Struers 
Vickers hardness testing machine. It is a touch screen operated hardness tester with 
integrated PC. The peak load was set to HV 0.3 (300g) with an objective lens of 10X 
and x2 zoom. The dwell time was kept to be 15 sec. The hardness was taken as an 
average of approximately 20 indents made randomly on the sample. 
In this procedure, the test material is indented with a diamond indenter under a specific 
load (1 to 100 kgf) for some time (10-15 seconds). The Vickers hardness (HV) is given 
by the following equation [104]: 
                                                                         HV = F/d2 (8) 
where F= Load (kgf) 




5. Deformability and stability of Mg-Sn alloys 
Results and Discussion 
The evolution of microstructure, substructure and mechanical properties during 
extrusion of Mg-Sn (30%Sn-70%Mg, 40%Sn-60%Mg and 50%Sn-50%Mg) alloys are 
investigated using microscopy, EBSD (Electron backscatter diffraction) and hardness 
measurements. Firstly, the microstructure evolution was investigated using Optical 
microscopy and EBSD in SEM. This is followed by evaluation of texture in section 
5.1.3. The thermal stability of the substructure was investigated using DSC (Differential 
scanning calorimetry), EBSD and hardness measurements. 
5.1 Microstructure observations 
5.1.1 Optical images  
Fig. 9 shows the optical microstructures of the as extruded Mg-Sn alloys. The 
microstructure consists of dark and bright phases corresponding to Mg2Sn and Mg 
phases respectively. It is evident from the microstructures in the figure that the area 
fraction of dark phase increased with increase in tin concentration. The volume 
fractions of the Mg2Sn phase calculated using image J software are 21, 37 and 49 for 
30%Sn-70%Mg, 40%Sn-60%Mg and 50%Sn-50%Mg alloys respectively. Inspection 
of the images in Figure 9 tells that the substructure evolution following extrusion is not 
clear. Therefore, in the following the EBSD measurements were carried out to 




Figure 9. Optical images of as extruded (a) 30%Sn-70%Mg sample (b) 40%Sn-60%Mg 
sample (c) 50%Sn-50%Mg sample. 
5.1.2 Electron backscattering diffraction (EBSD) 
The evolution of subgrain boundaries and the orientations of Mg-Sn alloys are 
investigated using EBSD. Figure 10a-c shows the EBSD microstructures of 30%Sn-
70%Mg, 40%Sn-60%Mg and 50%Sn-50%Mg alloys respectively along the extrusion 
direction. The two phases Mg and Mg2Sn were shown with maroon and green 
respectively. The grain boundaries are shown by plotting the misorientations between 
the neighbouring pixels. The misorientations less than 15o and more than 2o corresponds 
to the sub-grain or low-angle boundaries (coloured red) and the misorientations greater 
than 15o shown in black corresponds to the high angle grain boundaries. With increase 
in the fraction of Sn concentration, the phase fraction of Mg2Sn grains increased. For 
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30%Sn-70%Mg alloy the fraction of Mg2Sn grains is 19.7%, and it increased to 33.6% 
and 49.9% for 40%Sn-60%Mg and 50%Sn-50%Mg alloys respectively. 
From inspection of the microstructures in figure 10, it can be seen that the Mg2Sn grains 
are elongated along the extrusion direction, whereas the grains in Mg phase are 
equiaxed. The presence of red boundaries (2°) within the larger grains indicate the 
presence of a deformation sub-structure, the highest developed substructure was seen 
in the 50%Sn-50%Mg sample. Small angle grain boundaries are absent in some grains. 
This may be the result of static recrystallization/ recovery after hot extrusion. The grain 
and sub-grain sizes of the Mg and Mg2Sn phases were calculated using mean lineal 
intercept method using hkl software. The misorientations greater than 15° were 
considered as a grain boundary, whereas the sub-grain size is calculated for a 2° cut-off 
misorientation. The grain size values are shown in Table 3. 
 30%Sn-70%Mg 40%Sn-60%Mg 50%Sn-50%Mg 
GB cut off angle 2° 15° 2˚ 15° 2˚ 15° 
Mg GS 3.7µm 4.5µm 3.04µm 4.1µm 2.7µm 3.2µm 
Mg2Sn GS 1.5µm 1.6µm 2.5µm 2.9µm 2.2µm 3.1µm 
 




Figure 10. Phase Maps of (a) 30%Sn-70%Mg (b) 40%Sn-60%Mg and (c) 50%Sn-
50%Mg (extrusion direction vertical). 
A separate grain boundary map for 30%Sn-70%Mg, 40%Sn-60%Mg and 50%Sn-
50%Mg is provided in figure 11. This map shows all detected grains in different colours 
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as compared to their neighbours. The colours are automatically chosen by the software 
and do not display any orientation. 
 
Figure 11. Grain boundary maps of (a) 30%Sn-70%Mg (b) 40%Sn-60%Mg and (c) 
50%Sn-50%Mg (extrusion direction vertical). 
In order to investigate the sub-grain evolution in the Mg and Mg2Sn phases along the 
extrusion direction, the misorientation distribution plots were evaluated as shown in 
Figure 12 (a) and (b). From the misorientation changes in Figure 12(a) of Mg2Sn phase, 
a bimodal distribution of misorientations are readily realised. All the alloys have a 
relatively high fraction of low angle boundaries with misorientation about 2o, and the 
second peak corresponds to the high angle grain boundaries with a peak at about 45o. 
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The peak at 45o corresponds to the random misorientation distribution given by the 
Mackenzine distribution. As seen in the case of 50%Sn-50%Mg sample, a significant 
increase in the misorientations in the range of 5-15o was observed. This increase in the 
misorientations is due to the development of a subgrain structure, with misorientation 
lines less than 15o within the Mg2Sn grains. Further, the fraction of random 
misorientations is decreased in the 50-50 alloy. In the case of Mg phase, a peak in the 
misorientation distribution was observed at about 30o. The increase in substructure and 
low angle boundaries in Mg2Sn in the 50%Sn-50%Mg sample possibly relates to the 
high fraction of interphase boundary. These boundaries can act as a sink for dislocations 
and thereby retard the generation of deformation induced high angle boundaries. 
Similar features were also observed in the scans performed perpendicular to the 
Extrusion direction, except that the grains are all equiaxed. The misorientation 





Figure 12. Misorientation distribution of (a) Mg2Sn phase and (b) Magnesium phase of 






Figure 13. Misorientation distribution of (a) Mg2Sn phase and (b) Magnesium phase of 
Mg-Sn alloys perpendicular to extrusion direction. 
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 30%Sn-70%Mg 40%Sn-60%Mg 50%Sn-50%Mg 
GB cut off 
angle 
2° 15° 2˚ 15° 2˚ 15° 
Mg GS 4.2µm 5.1µm 2.5µm 2.8µm 3.6µm 4.3µm 
Mg2Sn GS 1.6µm 1.7µm 1.6µm 1.7µm 2.8µm 4.2µm 
Table 3. Grain size calculation of Mg-Sn alloys perpendicular to the extrusion direction. 
5.1.3 Texture evolution in Mg-Sn alloys 
The evolution of preferred orientation during extrusion was evaluated by plotting the 
inverse pole figures along the extrusion direction. Figure 14 shows the extrusion 
direction inverse pole figures for both the Mg2Sn and Mg phases. The preferred 
orientation in the alloys is validated by comparing the standard texture of extruded 
magnesium alloys. The alloys exhibited the standard extrusion texture with the fibers 
of <01-10> and <-12-10> along extrusion direction. It is interesting to notice that the 
extrusion texture strengthened for both Mg and Mg2Sn phase with decrease in the phase 





Figure 14. Inverse pole figures for (a) 30%Sn-70%Mg and (b) 40%Sn-60%Mg and (c) 
50%Sn-50%Mg alloys along extrusion direction. 
5.1.4 Hardness measurements 
The influence of tin content on hardness is plotted in Figure 15. It was observed that 
with increase in tin concentration the hardness of Mg-Sn samples increased from 68 to 
87 VHN. Liu et al. [105] measured the hardness of Mg– (1–10) wt%Sn alloys prepared 
by melting pure tin and magnesium at 770°C. It was observed that with increase in tin 
content the hardness of the alloys increased. The same is also shown in figure 15. It can 
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be seen that the hardness value of Mg-10 wt%Sn prepared by Liu et al. had higher 
hardness value than the 30%Sn-70%Mg extruded sample. This may be attributed to 
differences in grain size due to the different methodologies employed.  
 
Figure 15. Relationship between hardness values and tin content in the present Mg-Sn 
alloys. 
5.2 Annealing behaviour of extruded Mg-Sn alloys 
The measurement of heat evolved during the heating of Mg-Sn alloys can be used as a 
tool to qualitatively investigate the recrystallization of the deformed alloys. Figure 16 
shows the DSC curve during the heating of 30%Sn-70%Mg alloy. Measurements were 
performed by heating the alloy from room temperature to 390 degrees at a heating rate 
of 25˚C/min. Heating was performed in two cycles in the same temperature range. 
Figure shows the DSC curve obtained by the difference between the first and second 
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heating curves. Firstly, an endothermic peak was observed at about 250 °C. This seems 
like a melting peak which could have occurred due to the presence of some stray tin 
particles in the alloy.  The onset of the exothermic peak is observed at about 300°C. 
The exothermic peak is interpreted as arising from the processes of recovery and 
recrystallization. The reason is not clear for the peak occurring at 275˚ C; it might be 
due to early recovery happening in some of the grains in the alloy. 
 
Figure 16. DSC measurements of 30%Sn-70%Mg. 
The influence of annealing on hardness is shown in figure 17 for 30%Sn-70%Mg 
sample and 50%Sn-50%Mg samples. Firstly, in agreement with the hardness changes 
in Figure 15, it is clear that the hardness of the 50-50 sample stayed above the 30-70 
sample for different temperatures and times of annealing. No evidence of significant 
decrease in the hardness was observed due to annealing at 350oC and 400oC up to 6 
hours. It is believed that the annealing of deformed structure decreases the hardness due 
to recrystallization and grain growth processes [106]. On the other hand, the less 
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significant changes in the hardness during annealing tells us that the deformed 
microstructure is relatively stable. Further experiments are required to verify the 
annealing processes. 
 
Figure 17. Hardness values of annealed samples of 30%Sn-70%Mg and 50%Sn-
50%Mg composition. 
In order to investigate the changes in the subgrain structure due to annealing, the 
microstructure of the 50%Mg-50%Sn sample annealed at 400°C for 6 hours is shown 
in Figure 18. The grains corresponding to Mg2Sn are coloured green while the grains 
in the magnesium phase are shown in red colour. It appears that Mg2Sn has a bimodal 
distribution of grains because of extrusion. Large Mg2Sn islands are subjected to 
partially recovered structure whereas fine Mg2Sn grains correspond to completely 
recrystallized state. The grain sizes were calculated as described above in section 5.1.2. 
50 
 
For a misorientation cut off of 2°, the grain size (or the subgrain size) of Mg2Sn 
increased from 2.2µm for as extruded 50%Sn-50%Mg to 5.5µm for the annealed alloy. 
Whereas, for a cut off of 15°, the grain size of grains in Mg2Sn phase was increased 
from 3.1 to 7.5 µm and that of magnesium was increased from 3.2 to 5.3 µm. 
Figure 19 (a) and (b) gives information about the misorientation distributions of Mg2Sn 
and Mg phase respectively of 50%Sn-50%Mg extruded and annealed samples. It is 
observed that there is higher fraction of low angle misorientations (2°-15°) present in 
Mg2Sn phase for 50%Sn-50%Mg extruded alloy as compared to 50%Sn-50%Mg 
annealed alloy. After 15° there is a slight increase in misorientations for the annealed 
alloy as compared to the as extruded one but not a very significant difference is obtained 
between the extruded and annealed alloys as the deformed structure is not completely 
removed by annealing. Similar profile is found in magnesium phase too except that 
there is a peak at 30° in the misorientation distribution obtained for 50%Sn-50%Mg 
annealed alloy.  
 






Figure 19. Misorientation distributions of (a) Mg2Sn phase and (b) Magnesium phase 




6. Deformation of Mg(2+x)Sn {x=0} and Mg(2+x)Sn-.3wt%Ag {x=1} 
Results and discussions 
The substructure evolution of magnesium stannide alloys with higher tin content i.e. 
Mg(2+x)Sn {x=0} and Mg(2+x)Sn-.3wt%Ag {x=1} is investigated using optical 
microscopy and EBSD (Electron backscatter diffraction) technique. The EBSD section 
includes other quantitative microstructural information also such as grain size and 
misorientation distribution. This is followed by evaluation of texture in section 6.1.3. 
The thermal stability of the substructure of these two alloys would be studied in future. 
6.1 Microstructure observations 
6.1.1 Optical images 
Cubic Mg2Sn and hcp Mg (HCP) phase with solid solution of Sn and Ag in Mg along 
with one more phase i.e. AgMg4 cumulatively form the Mg-Sn-Ag system [107]. Figure 
20 shows the optical microstructures of the extruded Mg(2+x)Sn {x=0} and 0.3wt% Ag 
doped Mg(2+x)Sn {x=1} alloys. The microstructure consists of bright and dark phases 
corresponding to Mg and Mg2Sn phases respectively. In Fig 19 (a), the microstructure 
is mostly occupied by the Mg2Sn dendrites with Mg phase seen as white interconnecting 
lines.  EBSD measurements were carried out for further investigation of the 




Figure 20. Optical images of as extruded (a) Mg(2+x)Sn {x=0} and (b) Mg(2+x)Sn-
.3wt%Ag {x=1}. 
6.1.2 Electron backscatter diffraction (EBSD) 
Mg(2+x)Sn {x=0} 
Figure 21 shows the EBSD microstructure of Mg(2+x)Sn {x=0} alloy along the extrusion 
direction. Through this microstructure, the evolution of subgrain boundaries and 
misorientations of Mg2Sn phase is studied in detail. The two phases Mg and Mg2Sn are 
shown in blue and light green respectively. It can be seen from the microstructure that 
a clear substructure is observed. The misorientations greater than 2° and less than 5° 
are shown in red, whereas the misorientations which are greater than 5° and less than 
15° represent green colour and the misorientations greater than 15° are coloured black. 
The 2° and 5° misorientations correspond to the sub-grain or low angle grain boundaries 
and the misorientations in black correspond to the high angle grain boundaries.  
From the inspection of microstructure in Fig. 21, it can be seen that the majority of the 
space is covered by the Mg2Sn phase. This is unlike the previous Mg-Sn alloys used in 
chapter 3, which had the Mg phase in significant quantity. Extrusion led to development 
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of substructure in the Mg2Sn phase (red (2°) and green (5°) boundaries in Figure 21). 
In the Mg phase, the small grain boundaries are absent and there are majorly black (15°) 
grain boundaries present. Mg phase is just about 3% of the total microstructure shown 
here and there are not enough grains to compare so the grain sizes and orientations of 
Mg phase could not be calculated.  
The grain sizes of the Mg2Sn phase were calculated using the same method as was used 
for the other three compositions of Mg-Sn alloys i.e. the mean lineal intercept method 
using hkl software. The subgrain size is calculated for 2° and 5° cut off misorientation 
and the misorientations greater than 15° were considered as a grain boundary. The grain 
sizes values for Mg(2+x)Sn {x=0} are shown in Table 5: 
 Mg(2+x)Sn {x=0} 
GB cut off angle 2° 5° 15° 
Mg2Sn GS 4.8µm 7.8µm 16.9µm 
Mg GS - - - 
 




Figure 21. Phase map of Mg(2+x)Sn {x=0} alloy along extrusion direction. 
Misorientation distribution plot was evaluated in order to investigate the sub-grain 
growth in the Mg2Sn phase for Mg(2+x)Sn {x=0} alloy. As mentioned earlier, the 
insufficient grains of Mg cannot be used for evaluation of misorientation distribution 
plot for this phase so Figure 22 shows the misorientation distribution plot for Mg2Sn 
phase. It can be seen that the first peak is at about 2° misorientation and the second peak 
is at 5°, so it is clear that the alloy has a very high fraction of low angle boundaries (2°-
15°) present. This confirms the presence of sub- grain structure in the alloy. Further it 
is seen that the misorienttaion lines decreased significantly after 15° (high angle grain 





Figure 22. Misorientation distribution of Mg2Sn phase of Mg(2+x)Sn {x=0} alloy along 
the extrusion direction. 
Mg(2+x)Sn-.3wt%Ag {x=1} 
Figure 23 shows the EBSD microstructure of Mg(2+x)Sn-.3wt%Ag {x=1} alloy along 
the extrusion direction. Light green colour represents Mg2Sn phase and Mg phase is 
represented by blue. Following extrusion, it can be seen that the Mg2Sn grains are 
elongated along the extrusion direction. Here Mg phase could not be well indexed and 
therefore further processing of grain size, misorientations and texture is not done as the 
results obtained from them would not be very credible. Regarding the Mg2Sn phase, 
the presence of low angle boundaries (2°-15° misorientation angle) very well define the 
deformation structure in the subgrains. As it is already established in literature that 
deformation leads to change in thermoelectric properties of the material so it would be 
interesting to study the various parameters of ZT (thermoelectric figure of merit) that 















Mg2Sn  Phase 
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evaluation of grain sizes, misorientation distributions, texture and heat treatment 
analysis has been kept for future work.  
 
 
Figure 23. Phase map of Mg(2+x)Sn-.3wt%Ag {x=1} alloy along extrusion direction. 
Inverse pole figure map was used to study the evolution of texture (preferred 
orientation) during extrusion of Mg(2+x)Sn {x=0} alloy. Figure 24 shows the inverse 
pole figure map for Mg2Sn phase along the extrusion direction. The preferred 
orientation of this phase is towards [111] direction which is different from the texture 
shown in 50%Sn-50%Mg alloy (the one with highest substructure) and other alloys 
(30%Sn-70%Mg and 40%Sn-60%Mg). In 50%Sn-50%Mg, the grains were majorly 
oriented towards [001] direction. Since we do not have information about the starting 
texture of Mg2Sn, we cannot say with assertion that which texture would be standard 




Figure 24.  Inverse pole figure of Mg(2+x)Sn {x=0} along extrusion direction. 
6.1.3 Thermoelectric properties of Mg(2+x)Sn-.3wt%Ag {x=1}  
Electrical conductivity 
Figure 25 shows the change in electrical conductivity as a function of temperature for 
Mg(2+x)Sn- .3wt%Ag {x=1} as cast and as extruded alloys. The measurements taken in 
the temperature range of ~50-450˚C are shown for both heating (filled symbol H) and 
cooling (unfilled symbol C) cycles. The as cast alloy is represented by blue colour and 
the as extruded by green.  
It is observed from the figure that at room temperature, the electrical conductivity is 
highest and as the temperature increases it reduces constantly for both as cast and as 
extruded alloys. The electrical conductivity during cooling is higher than during heating 
at every temperature point in as cast sample while for the as extruded alloy, the 
electrical conductivity values during heating are slightly higher than during cooling 
59 
 
starting from 290˚C but the values for the as extruded alloy almost constant for both 
heating and cooling cycles. 
 
Figure 25. Variation of electrical conductivity for Mg(2+x)Sn- .3wt%Ag {x=1} as cast 
and as extruded alloys as a function of temperature. 
The metallic behaviour of the alloy is increased with addition of excess magnesium as 
a result of which the electrical conductivity decreased with increasing temperature 
values due to the effect of increased phonon-electron and electron-electron scattering 
[107].  It is to be noted that for a given temperature, the electrical conductivity values 
of the as extruded Mg(2+x)Sn-.3wt%Ag alloy are higher than the as cast alloy. This can 
be attributed to the fact that the as cast alloy contains some defects such as nano and 
micro pores, pin-holes and micro segregation effects. Extruding an alloy at high 
temperature helps in eliminating these defects and the subsequent microstructure is 
relatively homogenised. Electrical resistivity of an alloy increases due to incoherent 
scattering so therefore it would be higher in the as cast alloy as compared to the as 
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extruded alloy as locally centralised centres for scattering are reduced in the latter. The 
high values of electrical conductivity may also be ascribed to alignment effect of micro 
constituents. 
Seebeck coefficient 
The variation of Seebeck coefficient as a function of temperature is shown in Figure 
26. The temperature range is same as the electrical conductivity measurements. In this 
plot too, the filled symbols represent heating (H) and unfilled symbols represent cooling 
(C).  
It is observed from the previous work on Mg2Sn alloys that this alloy has inherent n-
type behaviour and therefore the Seebeck coefficient values are negative for the given 
temperature range [107]. Figure 26 shows that the as cast Mg(2+x)Sn-.3wt%Ag alloy 
curve starts with a larger positive Seebeck coefficient which then decreases as the 
temperature increases. Only during higher temperatures (~384-430˚C), negative values 
of Seebeck coefficient have been observed for the as cast alloy. The Seebeck coefficient 
of the as extruded Mg(2+x)Sn-.3wt%Ag alloy is negative except for a point (338˚C)  in 




Figure 26. Variation of Seebeck coefficient for Mg(2+x)Sn- .3wt%Ag {x=1} as cast and 
as extruded alloys as a function of temperature. 
There is not much variation in Seebeck coefficient values of the as extruded alloy and 
they are more or less constant. Also at higher temperatures, a convergence of Seebeck 
coefficient values is observed in both as cast and extruded alloys which might be due 
to weak temperature dependence of Seebeck coefficient induced by thermal excitation 
of intrinsic conduction at higher temperatures [107]. Though the alloy is doped with a 
p-type dopant (Ag), the extruded Mg(2+x)Sn- .3wt%Ag {x=1} alloy still shows n-type 
behaviour in predominance which might be due to excitation of minority charge carriers 
(electrons in this case) at higher temperatures resulting in lower Seebeck coefficient. 




Overall, the effect of extrusion is to raise the power factor (S2σ [4]) at high 
temperatures. The Seebeck coefficient remains largely unchanged with extrusion for 
temperatures above 300°C. The conductivity, however, increases by 1.5 times. 
7. General discussion 
To investigate the substructure evolution of magnesium rich Mg-Sn alloys (30wt%Sn-
70wt%Mg, 40wt%Sn-60wt%Mg and 50wt%Sn-50wt%Mg) and tin rich Mg2Sn alloys 
(Mg(2+x)Sn {x=0} and Mg(2+x)Sn-Ag {x=1}), detailed microstructural analysis using 
optical microscopy and EBSD was done. 
For the first three alloys, i.e. 30%Sn-70%Mg, 40%Sn-60%Mg and 50%Sn-50%Mg 
(extruded at 500˚C), the optical metallography has shown that the microstructures of 
the three alloys consist of two phases {Mg phase and Mg2Sn phase}. It has been 
observed that with increase in tin content the phase fraction of Mg2Sn phase increased 
from 21% for 30%Sn-70%Mg to 49% for 50%Sn-50%Mg which goes well with the 
studies for various compositions of Mg-Sn alloys recorded in the literature. The above 
observation follows from the phase diagram of Mg-Sn system [44]. However, the 
substructure development following extrusion could not be examined using optical 
microscopy. So, further EBSD measurements were done. 
EBSD measurements were carried out for both perpendicular to and along extrusion 
direction for the three-different compositions of Mg-Sn alloys. From the EBSD maps, 
the grain boundaries are clearly shown in Mg and Mg2Sn phases. As expected from 
equilibrium diagram of the system, the Mg2Sn fraction was the highest for 50%Sn-
50%Mg and this alloy exhibited the maximum substructure developed in Mg2Sn phase. 
The grains of Mg2Sn phase are found to be elongated along the extrusion direction. It 
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has been observed that a deformation substructure is present primarily in Mg2Sn phase 
of the Mg-Sn alloys which is why further experiments were carried out on tin rich 
Mg2Sn alloys so that this deformation structure so obtained could be used for altering 
thermoelectric performance of these alloys in future research. The EBSD measurements 
of tin rich alloys i.e. Mg(2+x)Sn {x=0} and Mg(2+x)Sn-.3wt%Ag {x=1} (extruded at 
400°C) along the extrusion direction show that the Mg2Sn phase is predominantly 
present in the microstructure and the excess Mg phase is only 3% of the total 
microstructure. The presence of low angle grain boundaries (2° and 5° misorientations) 
in Mg2Sn phase for both the alloys further supports the development of a deformation 
substructure as it was found in the 50%Sn-50%Mg alloy. No grains of small orientation 
(2°-5°) could be found in the Mg phase of Mg(2+x)Sn {x=0} alloy; only high angle grain 
boundaries were noticed.  
The sub-grain sizes (measured from using boundaries with 2° misorientation) of Mg 
phase (along ED) consistently reduced with increase in tin content in Mg-Sn (30%Sn-
70%Mg, 40%Sn-60%Mg and 50%Sn-50%Mg) alloys and the same was also observed 
for the misorientations greater than 15°. This observation is ascribed to the overall 
reduction in the percentage of Mg phase in the microstructures with increase in tin 
content of Mg-Sn alloys. This is corroborated by optical microscopic observation as 
discussed earlier. Regarding the grain size values of Mg2Sn phase (along ED), the least 
value of sub-grain size was observed for 30%Sn-70%Mg alloy and then it increased for 
40%Sn-60%Mg further decreasing marginally for 50%Sn-50%Mg, while the size of 
higher angle grain boundaries increased gradually from 30%Sn-70%Mg (1.6µm) to 
50%Sn-50%Mg (3.1µm). Increasing tin content is responsible for presence of higher 
amount of Mg2Sn phase in the microstructure. During extrusion, the deformation is 
expected to be partitioned between softer magnesium phase and the harder Mg2Sn 
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phase (Some strain partitioning is likely – more strain in the softer phase less in the 
harder phase). However, it is evident that the Mg2Sn phase nonetheless is heavily 
deformed. The general trend of higher sub-grain and large angle grain sizes in extruded 
alloys of high tin content appears to be due to an effect of Mg2Sn particle size, which 
increases with Sn content. The grain size calculation of Mg-Sn alloys perpendicular to 
the extrusion direction shows that the 30%Sn-70%Mg alloy exhibited the highest value 
Mg grain size for 2° and 15° misorientations followed by 50%Sn-50%Mg and 40%Sn-
60%Mg. It is possible that greater strain rate partitioning at higher Sn levels caused 
retirement of the Mg substructure. 
Misorientation distribution graphs were plotted for Mg and Mg2Sn phases for Mg-Sn 
alloys (30%Sn-70%Mg, 40%Sn-60%Mg and 50%Sn-50%Mg) for both along and 
perpendicular to extrusion direction. It was observed in the Mg2Sn phase that there is 
relatively high fraction of low angle grain boundaries present with misorientations of 
2° for all three alloys and then the fraction decreased for 30%Sn-70%Mg and 40%Sn-
60%Mg alloys depicting no significant presence of deformation structure. The increase 
in fraction of grains of misorientations between 5-15° in 50%Sn-50%Mg alloy 
ascertains that there is prominent development of a sub-grain structure within the 
Mg2Sn grains. The misorientation plot of the Mg2Sn phase of Mg(2+x)Sn {x=0} alloy 
showed that there is very high fraction of low angle grain boundaries present as the first 
and second peak could be spotted at 2° and 5° misorientations respectively. This is 
supportive of the observation that Mg2Sn is amenable to develop substructure under the 
experimental extrusion parameters. 
The influence of rising tin content on hardness of the alloys (30%Sn-70%Mg, 40%Sn-
60%Mg and 50%Sn-50%Mg) was also measured and it was found that the hardness 
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increased as the tin content increased. The alloys were then annealed at 350°C and 
400°C to carry over the recrystallization studies of the deformed alloys. Annealing 
softens the material but in this case, it was observed that not much difference was there 
in the hardness values of the deformed and annealed samples. The annealing behaviour 
i.e. recrystallization kinetics will be affected by the stored energy in the two constituent 
phases. The strain is likely to be slightly higher in the Mg phase but the recrystallization 
kinetics are also likely to differ between the two phases. One would expect slower 
diffusion in an intermetallic and so slower recrystallization but more work is needed to 
be sure. EBSD measurements were done to study the microstructure of 50%Sn-50%Mg 
annealed at 400°C. The fraction of low angle grain boundaries was still present in the 
Mg2Sn grains. This means that the deformed structure was not completely removed by 
annealing, however the fraction of high angle grain boundaries increased slightly for 
the annealed alloy which might be due to static recovery taking place during annealing. 
It was also observed that the grain sizes of both Mg and Mg2Sn phase grains increased 
with annealing as compared to the as extruded 50%Sn-50%Mg alloy.  
Texture (preferred orientation) evolution was studied using the inverse pole figure 
maps. The Mg phase of 30%Sn-70%Mg, 40%Sn-60%Mg and 50%Sn-50%Mg 
exhibited the standard extrusion texture and the grains were found to be oriented 
towards <01-10> and <-12-10> along extrusion direction. For Mg2Sn the preferred 
orientation of grains was towards [001] direction. The most strengthened extrusion 
texture was observed for the higher tin content alloy (50%Sn-50%Mg) for both the 
phases. Regarding the inverse pole figure map of Mg2Sn phase of Mg(2+x)Sn {x=0}, a 
different direction for preferred orientation was observed and the grains were oriented 
towards [111] direction while for 50%Sn-50%Mg texture evolved around [001] 
direction. This difference may be attributed to the presence of significant amount excess 
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magnesium phase in 50%Sn-50%Mg alloy which perhaps have influenced the 
evolution of texture in the adjoining Mg2Sn, thereby is different from the characteristic 
texture of nearly pure Mg2Sn as observed in the present study.   
There is potentially a strong effect of the large initial grain size. This can impact on the 
statistical reliability of results. 
8. Conclusions 
A review of thermoelectric properties of materials and study of current research on Mg 
based alloys was done. Preliminary investigations were carried out to examine the 
microstructures of the extruded Mg-Sn alloys with varying tin concentration and after 
that investigations were carried out on tin rich Mg-Sn alloys which had Mg2Sn as the 
main phase. The pivotol findings of the experiments done till date are summarised 
below: 
• This work is first to charaterize extruded Mg alloys containing more than 50% 
Mg2Sn. 
• The microstructural studies done by optical microscopy and EBSD analysis showed 
that with increase in tin content, the phase fraction of Mg2Sn increased  from 19.7%  
for 30%Sn-70%Mg to 33.6% and 49.9% for 40%Sn-60%Mg and 50%-50%Mg 
respectively. 
• Extrusion introduces a substructure into the Mg2Sn phase. 
• The frequency of the low angle grain boundaries or sub-grains in the Mg2Sn phase 
(misorientations 5-15°) were increased with a simultaneous decrease in the high 




• The alloys showed an increasing hardness with Mg2Sn level, as expected ; Mg2Sn 
is a hard phase. 
• Little hardness change was observed upon annealing at 400°C for 6 hours, showing 
some stability in the mechanical properties at high temperature. 
• It was observed for the high tin concentration alloys i.e. Mg(2+x)Sn {x=0} and 
Mg(2+x)Sn-.3wt%Ag {x=1} that the frequency of low angle boundaries (2-15°) 
increased significantly for both the alloys ; the Mg2Sn phase develops a distinct 
substructure. 
• The Mg2Sn phase displays good ductility; long elongated islands of Mg2Sn can be 
seen. In some instances cracks filled with the Mg phase can be detected. Thus the 
Mg phase helps with the ductility. 
• Electrical conductivity of as extruded Mg(2+x)Sn-.3wt%Ag {x=1} was found to be 
more than that of as cast Mg(2+x)Sn-.3wt%Ag {x=1} alloy. With increase in 
temperature, the elctrical conductivity reduced in both the cases. 
• Seebeck coefficient of as cast Mg(2+x)Sn-.3wt%Ag {x=1} alloy remains positive 
through out the given temerature range except at higher temperatures. As extruded 
alloy exhibited n-type behaviour even though the alloy was doped with p-type 
dopant (Ag). The values of Seebeck coefficient decreased with increase in 
temperature for as cast and as extruded Mg(2+x)Sn-.3wt%Ag {x=1} alloys. 
• Overall the as extruded Mg(2+x)Sn-.3wt%Ag {x=1} alloy (highly developed 
substructure in Mg2Sn phase) witnessed increased electrical conductivity (~1.5 




9. Future work plan  
Keeping the research question in mind, the scope for the future work has been 
discovered and is listed in the space below: 
• Studies will be extended to high fraction of tin concentration as substructure was 
observed in the Mg2Sn phase of alloy with high tin concentration (50%Sn-50%Mg). 
This substructure would be useful for decreasing thermal conductivity and also 
increased tin content would help in achieving in high Seebeck coefficient. So for 
further work, deformation studies could be carried out by compression at different 
strains and temperatures on various compositions of Mg(2+x)Sn alloys. In order to 
investigate the change in microstrcuture and mechanical properties of the deformed 
alloys, substructure analysis in detail (EBSD) should be carried out. 
• To observe the changes in substructure development further, recrystallization 
studies could be carried out on the deformed samples. The change in microstructure 
and hardness values could be observed and compared with the deformed alloys. 
• According to literature, deformation changes thermal conductivity thereby 
increasing figure of merit, hence the scope of effect of substrucure change with 
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